Iron is an essential element for virtually all kingdoms of life, and especially for primary producers in ocean ecosystems. To date, the molecular mechanism of iron utilization by macroalgae remains largely unknown. To elucidate the strategy of iron acquisition and storage in macroalgae, we focused on the function of the iron storage protein ferritin in the sea lettuce, Ulva pertusa, which has abundant iron content. Judging from the primary structure, U. pertusa ferritin (UpFer) can be classified as a land-plant-type ferritin, which is usually found in plastids. The gene of UpFer was expressed in the peripheral, central and rhizoid parts. Western blot analysis showed that UpFER was present and functioned in processed 26-and 22-kDa forms. Furthermore, recombinant UpFER had iron incorporation activity comparable to other ferritins. These results suggest that ferritin also functions as an iron storage protein as in unicellular algae and land plants.
Iron is an essential element for virtually all kingdoms of life, and especially for primary producers in ocean ecosystems. To date, the molecular mechanism of iron utilization by macroalgae remains largely unknown. To elucidate the strategy of iron acquisition and storage in macroalgae, we focused on the function of the iron storage protein ferritin in the sea lettuce, Ulva pertusa, which has abundant iron content. Judging from the primary structure, U. pertusa ferritin (UpFer) can be classified as a land-plant-type ferritin, which is usually found in plastids. The gene of UpFer was expressed in the peripheral, central and rhizoid parts. Western blot analysis showed that UpFER was present and functioned in processed 26-and 22-kDa forms. Furthermore, recombinant UpFER had iron incorporation activity comparable to other ferritins. These results suggest that ferritin also functions as an iron storage protein as in unicellular algae and land plants.
Key words: ferritin; iron; macroalgae; sea lettuce Under aerobic conditions, iron is oxidized, and is poorly soluble in water. Hence, Fe 3þ is more stable than Fe 2þ in seawater, in which a large amount of oxygen is dissolved. Fe 3þ forms an insoluble salt with mineral constituents or an organic complex in seawater. Due to the insolubility and variable chemical forms of ferric iron, utilization of iron is always limited in the growth of organisms in the ocean, and one-third of the ocean is assumed to be deficient in iron in terms of what is needed by organisms. 1) Deficiency in iron is especially important in the growth of phytoplankton.
2) Iron deficiency is assumed to limit the growth of macroalgae as well, but the transport and storage of iron in macroalgae remain to be elucidated.
Although iron is essential for living organisms, excess free iron in the cells is toxic, because ferrous ion produces reactive oxygen species via the Fenton reaction.
3) Hence iron must be sequestered in a compartment, such as the iron storage protein ferritin, which is distributed across virtually all species. This class of protein forms a hollow spherical cage-like oligomer composed of 24 subunits, in which iron can be stored in a stable and nontoxic state to help meet the iron requirement. 4) Ferritin stores a maximum of 4,500 molecules of Fe 3þ , formed by the oxidation of Fe 2þ in the inner cavity. [4] [5] [6] In mammals, ferritin consists of two homologous subunits, the H and L chains, whose amino acid sequences show 55% identity, and they form variable hetero-polymers in a tissue-specific manner, and thereby make possible iron storage in animals. 5) On the other hand, the ferritin gene exists as a multi-copy gene in plants, [7] [8] [9] [10] [11] [12] and expression of these genes is regulated by various environmental stresses and/or exposure to heavy metals. 7) Plant ferritin shows 39-49% amino acid sequence identity with animal ferritin, but plant ferritin possesses extra specific domains, transit peptides (TPs), and extension peptides (EPs) in the N-terminal. 7) It has been suggested that the TP in the N-terminus facilitates the transport of the plant ferritin precursor to the plastid, 13) while the other specific domain, EP, downstream of the TP, contributes to the stability of the ferritin oligomer. [14] [15] [16] [17] Most animal ferritins are localized in the cytosol, while plant ferritins are synthesized as precursors containing TP and EP and are transferred to the plastid after cleavage of the TP. 7) Although knowledge of ferritin and of its role in the cellular iron metabolism of algae is limited, it has been suggested that not only land plants, but also unicellular algae, use ferritin as a reservoir for iron, especially when cells show iron deficiency. 18) Keren et al. (2004) found that ferritin has a critical role in iron storage and in the proliferation of cyanobacteria. 19) They suggested that approximately 40% of cellular iron is stored in ferritin in cyanobacterial cells. Similarly, ferritin plays an important role in iron storage in bloom-forming marine pennate diatoms. 20) These ferritins in cyanobacteria and in pennate diatoms have primary structures similar to heme containing bacterioferritin. [19] [20] [21] As a unicellular Chlorophyceae, Chlamydomonas has multiple genes encoding plant-type ferritins, and these are differently regulated against iron deficiency and sufficiency. 22) In contrast to unicellular algae, reports of the occurrence of ferritin in macroalgae are limited. As an Ulva genus, U. pertusa is capable of accumulating metals, and can be utilized as a biological indicator of metal pollution. 23, 24) The present study, we detected ferritin protein in U. pertusa tissue by immune-blot, and successfully isolated the ferritin gene from U. pertusa (UpFer). The amino acid sequence deduced from UpFer cDNA contained putative TP and EP, which indicated y To whom correspondence should be addressed. Tel/Fax: +81-774-38-3765; E-mail: masutaro@kais.kyoto-u.ac.jp that it is a plant-type ferritin. Gene expression was observed ubiquitously in all tested tissues. Furthermore, the iron incorporation activity of recombinant UpFER was comparable to or higher than those of soybean and human H chain ferritin.
Materials and Methods
Algae. Sea lettuce (U. pertusa Kjellman) and other algae were collected in Marine Station of Kyoto University at Maizuru, Kyoto Prefecture Japan in September 2010, and were transferred to our laboratory at Kyoto University. The rhizoid was removed, and the other parts were used in the experiments after they were washed in distilled water. A protein extract was prepared immediately after washing, and nucleic acid extract was prepared from samples frozen at À80 C.
Metal content measurement. Thalli of Sea lettuce (U. pertusa) (green alga), Hijiki (Sargassum fusiforme), Ecklonia cava (brown algae), Chondracanthus tenellus, and Gracilaria incurvata (red algae) were dried at 60 C for 3 d, wet-ashed with a solution of HNO 3 and H 2 O 2 for 2 nights at 110 C, and dissolved in 10 mL of 1 N HCl. Iron concentrations were measured by inductively-coupled plasma atomic emission spectrometry (Optima P-5300 DV, PerkinElmer, Waltham, MA) at a wavelength of 238.204 nm.
Protein extraction. Thalli of U. pertusa was ground with 3 volumes of extracting buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 10 mM 2-mercaptoethanol) with aliquots of sea sand. After centrifugation at 8;000 Â g for 30 min, the supernatant obtained was used as protein extract in the experiments. Commercially obtained soybean seeds were ground in a mill and extracted with 4 volumes of the buffer described above and a protein extract was prepared similarly. Protein concentrations of the extracts were measured by Protein Assay (BioRad, Hercules, CA).
Western blot analysis. Rabbit polyclonal antibody (anti-rSFer1) raised against recombinant soybean ferritin (rSFer1) 11) was used in Western blot analysis. Alkaline phosphatase conjugated anti-rabbit IgG (Cell Signaling Technology Inc., Danvers, MA) was used as secondary antibody. Signals were visualized by a chromogenic substrate (Nitro Blue Tetrazolium and 5-bromo-4-chloro-3-indoxyl phosphate disodium salt).
To make possible more specific detection of ferritin in the sea lettuce, another rabbit polyclonal antibody, raised against recombinant U. pertusa ferritin (rUpFER), was used in Western blot analysis. Horse-radish peroxidase labeled anti rabbit IgG (Promega, Madison, WI) was used as secondary antibody. The signal was visualized by Chemilumi-One (Nacalai Tesque, Kyoto, Japan) and laser imager (LAS-4000, GE Healthcare, Piscataway, NJ). The method for preparation of the recombinant UpFER is described below.
Cloning of U. pertusa ferritin cDNA (UpFer) and similarity analysis. Total RNA was extracted using Sepasol reagent (Nacalai Tesque) following the manufacture's instruction. The protocol employed for cDNA cloning of UpFer is described elsewhere. 16) Similarity analysis of the nucleotide sequence was carried out using BLAST2.0 at DDBJ. Theoretical isoelectric point (pI) and the molecular weight (M W ) of protein were calculated from the deduced amino acid sequence of UpFER with the pI/M W tool (http:// au.expasy.org/tools/). Multiple alignment of the ferritin sequences was performed by the ClustalW (http://clustalw.ddbj.nig.ac.jp/topj.html) program. A phylogenetic tree was created by ClustalW, and was visualized by Tree View program (http://taxonomy.zoology.gla. ac.uk/rod/treeview.html).
Genome DNA blot analysis. Genomic DNA was extracted from the thalli of the sea lettuce by the method of Shure et al. 25) Genomic DNA (20 mg) was digested by EcoR I or Hind III, subjected to agarose gel electrophoresis, blotted onto a nylon membrane, and hybridized with the PCR fragment of UpFer cDNA labelled with digoxigenin (DIG system, Rosch Diagnostics, Basel, Schweiz). The primer sequences used for the DIG-labeled probe were 5 0 -ATGCTGTCTGCTAGTAT-CAAAGC-3 0 and 5 0 -GTCACGGGCGAAGTAAG-3 0 . Pre-hybridization and hybridization were performed in DIG easy hybridization (Roche Diagnostics) at 45 C. Signals were detected by chemiluminescence using CDP-star (GE Healthcare).
Gene expression analysis of UpFer. The peripheral, central and rhizoidal parts were excised from thalli of U. pertusa (Fig. 5A ). Total RNA was extracted from each part using sepasol reagent (see above). First-strand DNA was synthesized using PrimeScript reverse transcriptase (Takara, Ohtsu, Japan) following manufacture's protocol. PCR amplification was carried out using the various first strand DNAs as template. The primer set for this PCR reaction was (5 0 -GCGC-TGCACTCTTACTTCGCCCGTG-3 0 ) and (5 0 -CTACACGGCTGCA-GCATACGCAGC-3 0 ). The reaction conditions for the PCR amplification were as follows: denaturation at 94 C for 30 s, annealing at 60 C for 30 s and extension at 72 C for 1 min. These steps were repeated through 38 cycles using Blend Taq plus DNA polymerase (Toyobo, Osaka, Japan).
Preparation of recombinant UpFER (rUpFER). Construction of the pET vector-based expression plasmid is described elsewhere. 16) Protein expression was performed at 30 C after isopropyl--D-thiogalactopyranoside induction. The cells were harvested and disrupted by sonication, followed by protein extraction with phosphate buffered saline containing protease inhibitor cocktail (Sigma, St. Louis, MO). UpFER was expressed as a soluble protein, and was further purified by ammonium sulfate precipitation (50% saturation), anion exchange chromatography by DE-52 (Whatman, Maidstone, UK), and size exclusion chromatography by Superdex 200 pg 16/60 column (GE Healthcare).
Kinetics assay of iron core formation in UpFER. The preparation of recombinant human H and L ferritin 26) and of soybean ferritin (SferH-1) is described elsewhere.
11) The ferritin preparations were dialyzed against working buffer (50 mM HEPES-Na, pH 7.0). The concentration of each preparation was adjusted to 1.0 mM according to the absorbance at 280 nm. 27) Fast kinetics assay for Fe(II) oxidation was performed as previously described using a SX.18MV stopped-flow instrument (Applied Photophysics, Leatherhead, UK). 26) In brief, equal volumes of a weakly acidic (NH 4 ) 2 Fe(SO 4 ) 2 solution (24-48 mM) and a ferritin preparation (1 mM) were mixed at 25 C in a thermostatted sample compartment containing a 20 mL quartz stopped-flow cuvette with a 0.2 cm pathlength. Fe(II) oxidation was monitored by the absorbance at 310 nm, which is the specific absorption maximum of m-oxo-bridged Fe(III) species. 28) Data were acquired every 10 msec. A molar absorptivity of 4,570 (cm À1 M À1 ), calculated for m-oxo-bridged Fe(III), 28) was used to calculate the kinetic parameters. The initial rates were determined by linear fit of the data points from 0 to 50 msec after mixing, representing the first phase of the iron oxidation kinetics curve. Initial velocities were measured by four to five independent experiments at each Fe concentration. Data were obtained for three independent experiments, and the results were used for statistical analysis.
Results
Iron content of U. pertusa Iron contents of U. pertusa and other macroalgae were assayed by inductively-coupled plasma atomic emission spectrometry. U. pertusa contained 200 mg of iron per 1 g (dry weight) (Fig. 1 ). This value is prominent among macroalgae distributed along the seacoast of Japan. The mean iron contents of the other algae were 88.2 and 46.2 mgÁg À1 for red algae, Chondracanthus tenellus and Gracilaria incurvata respectively, and 46.3 and 19.1 mgÁg À1 for brown algae, Sargassum fusiforme and Ecklonia cava respectively (Fig. 1) .
Detection of ferritin in U. pertusa extract To detect functional ferritin-like molecules, we performed immunoblot analysis using the anti-soybean ferritin antibody. As shown in Fig. 2A , signals were detected at 22 kDa, 26 kDa, and 30 kDa by the antisoybean ferritin antiserum in the extract of U. pertusa, while a single signal was detected in the soybean extract.
Further detection was carried out by immunoblot using the antibody specific for ferritin from U. pertusa. Figure 2B shows the signals detected by the specific antibody for U. pertusa ferritin. The two bands, 26 and 22 kDa, which appear in Fig. 2A (using anti-soybean ferritin antiserum), were also detected by the anti rUpFER antiserum (Fig. 2B) , while the 32 kDa one was not detected. These bands, of 26 kDa and 22 kDa, had similar apparent molecular weights with recombinant native UpFER and UpFER deleting the EP region, respectively. In addition, both the 26-kDa and the 22-kDa band were seen to be as duplicated, or composed of two bands (Fig. 2B) .
cDNA cloning of UpFer gene By degenerate PCR, an approximately 100-bp fragment was amplified. With further amplification by 3 0 RACE and 5 0 RACE, the full length of the cDNA of U. pertusa ferritin (UpFer) (1,423 bp) encoding 240 amino acids was obtained (GenBank accession no. AB691549). The deduced amino acid sequence of UpFER showed 74% identity with ferritin from U. fasciata 29) and 52% identity with that from Chlamydomonas, 22) both of which belong to the Chlorophyceae (Fig. 3A) . As shown in Fig. 3A , UpFER possessed a ferroxidase site, which makes possible the oxidization of Fe(II) to Fe(III), a nucleation site, a cluster of negatively charged amino acids positioned in the surface of the inner cavity, and TP and EP. TP and EP are plant ferritin specific domains positioned in the N-terminus of the plant ferritin sequences. The former is responsible for targeting plant ferritin to the plastids, while the latter, which is a part of mature ferritin, is suggested to contribute to shell stability. 16, 17) The phylogenic tree of ferritin cDNA indicates that UpFer belongs to the same cluster as the ferritins from U. fasciata, Chlamydomonas, and Volvox, all of which are classified in the Chlorophyceae, and of higher plants such as soybean and Arabidopsis (Fig. 3B) . The molecular size of the full-length UpFER was estimated to be approximately 26.5 kDa by Expasy, and the calculated molecular size of the mature region (without TP) was 23 kDa.
Estimation of copy number of the UpFER gene As shown in Fig. 4 , one and two signals were detected in the EcoR I digested DNA and the Hind III digested DNA respectively. PCR amplification, which used genomic DNA as template, indicated that there was no intron in the region used as probe for the detection of UpFer (data not shown). Since there is no Hind III restriction site in the probe region of UpFer, it is possible that U. pertusa has at least two homologous genes of ferritin in its genome.
Gene expression analysis of the UpFer in U. pertusa The gene of UpFer was expressed ubiquitously in the peripheral and central part and rhizoid (Fig. 5) , but no up-or downregulation of gene expression in response to the iron load was observed (data not shown). Iron contents of macroalgae (U. pertusa) (green alga), Hijiki (Sargassum fusiforme), Ecklonia cava (brown algae), Chondracanthus tenellus, and Gracilaria incurvata (red algae) were assayed by induced coupled plasma atomic emission spectrometry. Iron concentrations were determined by three independent experiments. Bars indicate standard deviations. 
Iron incorporation activity in UpFER
To evaluate the iron incorporation activity of UpFER, we prepared the recombinant protein and compared its activity with that of soybean and human H-chain ferritin. The recombinant proteins of UpFER, soybean ferritin H-1, and the human H chain were assembled properly to reflect their native forms, 24-mer (data not shown). UV spectral absorption at 305-330 nm is traditionally used to monitor the ferroxidase activity of ferritins. The absorbance around the wavelength, which is characteristic of m-oxo-bridged Fe(III) dimers, increases as a result of Fe(II) oxidation in the ferroxidase site of ferritin. Figure 6A shows a time-dependent increase in the absorbance at 310 nm in a rapid kinetics assay of ferritin species in which 48 mM of Fe(II) was mixed with 1 mM of ferritin (2/1 Fe(II) atoms per ferroxidase site).
UpFER can form a ferric mineral core at a rate similar to that of well-known ferritins that show high iron incorporation activity (soybean ferritin H-1 and human H chain ferritin), whereas human L-chain ferritin, which does not possess a ferroxidase site, showed no such activity (Fig. 6A) . The time-dependent increase in absorbance in the human L-chain and in the negative control might have been caused by auto-oxidation of the ferrous ion. These results suggest that the newly identified UpFER has iron incorporation activity comparable to that of the well characterized human H-chain ferritin and soybean ferritin.
Although the final concentrations of the m-oxobridged Fe(III) core were similar among the samples tested, the initial velocities and times required to reach the final concentration varied among them. When a A, Multiple alignment of UpFer (GenBank accession no. AB691549) with other ferritins: Ulva fasciata (UfFer, Genbank accession no. EF437243), Chlamydomonas reinhardtii (CrFer1, AF503338), Glycine max (SFer1, M64337), Homo sapiens (HuHF, M11146), and Homo sapiens (HuLF, M11147). The amino acid residues forming the ferroxidase site, and the nucleation site and the transit site are indicated by F, N, and T respectively. The putative transit peptide (TP) and extension peptide (EP) of UpFER are indicated by boxes. Strictly conserved amino acid residues among six sequencess are indicated by asterisks, and similar residues by colons. B, Unrooted phylogenetic tree of various ferritins generated by the neighbor-joining (NJ) method. Bar indicates p-distances. The ferritins are UfFer (GenBank accession no. EF437243), CrFer1 (AF503338), SFer1 (M64337), HuHF (M11146), and HuLF (M11147), Chlamydomonas reinhardtii (CrFer2, Genbank ID: 223296), Volvox carteri f. Nagariensis (VaFer, XP 002951031), Ostreococcus tauri (OtFer, CAL52454), Escherichia coli (EcFTN, X53513), and Escherichia coli (EcDps, CP001637-1699). EcFTN and EcDps are used as out group. reaction was carried out at a ferritin/Fe molar ratio of 1/ 48, the initial velocities (0 to 30 msec) of rHuHF, rSFER1 (soybean ferritin H-1), and rUpFER were 161 AE 10:4, 595 AE 9:40 and 525 AE 13:2 mM/s/mmol respectively (Fig. 6B) . Under every reaction condition tested, the initial velocities of iron core formation were significantly higher for UpFER and soybean ferritin H-1 than for human H-chain ferritin. This also indicates that UpFER is functional.
Discussion
This study identified a functional ferritin gene and its product in the macroalga U. pertusa. Some species of macroalgae are utilized as food or industrial sources, but little is known about their acquisition and metabolism of essential elements such as iron. To date, studies of iron metabolism in algae have been performed mainly on a unicellular phototrophic organism, the cyanobacterium, in which the ferritin super-family plays critical roles in iron utilization and storage. Shcolnick et al. suggested that two ferritin-type storage complexes, bacterioferritin and MrgA, have co-operative functions in iron storage and detoxification in the cyanobacterium Synechocystis sp.
30) It has also been suggested that the bacterioferritin of Synechocystis sp. has a significant iron quota in the cell and contains 40% of the total iron content of the cell. 19) Recently, the ferritin distribution in iron storage or iron metabolism in eucaryotic phototrophs, pennate diatoms, 20) and Chlamydomonas 22, 31) has been investigated. Chlamydomonas has two genes encoding higher plant-type ferritins that play distinct roles in response to iron deficiency or overload. 22, 31) In the present study, to investigate iron metabolism in macroalgae, we focused on the iron storage protein ferritin in U. pertusa, which Three parts are the peripheralis, producing zoosperm and gamete, rhizoid, and the central part.
belongs to Chlorophyceae. U. pertusa contains a large amount of iron ( Fig. 1 ), but ferritin's contribution to iron metabolism remains unknown. This study provides the first evidence that a functional ferritin protein exists in macroalgae (Fig. 2) . In accordance with the fact that U. pertusa ferritin can be detected by an antibody specific to a higher plant (soybean) ferritin ( Fig. 2A) , the UpFer cDNA identified has a primary structure that possesses some features common among plant-type ferritins. For example, UpFER has a putative TP, suggesting that it functions in chloroplasts. Similarly, UpFER also possesses an EP in the N-terminus in its mature form. This indicates that the multicellular and unicellular algae classified in Chlorophyceae have developed a higher-plant-type iron storage apparatus.
In accordance with this assumption, genome DNA blot analysis showed that U. pertusa has at least two distinct genes encoding plant-type ferritin (Fig. 4) , similarly to Chlamydomonas 22) and land plants. [9] [10] [11] 32, 33) Although the expression of the UpFer gene identified here was constitutive (Fig. 5) and not strictly induced by iron overload, another ferritin gene of U. pertusa might be induced by iron overload or iron deficiency.
U. pertusa ferritin was detected as two major bands by Western blot using UpFER-specific antibody (Fig. 2B) . The estimated molecular weights of these bands were 26 and 22 kDa. The apparent molecular weight of the mature form of recombinant UpFER, which lacks the N-terminal TP, was approximately 26 kDa (Fig. 2B) , while that of the EP-deletion mutant of UpFER 16) was about 22 kDa on SDS-PAGE gel and Western blot (Fig. 2B) . Judging from these estimations, it is possible that the two bands detected by Western blot corresponded to the mature subunit of UpFER (lacking TP, but having EP) and the EP-deleted form (lacking both TP and EP). Since N-terminal cleavage in planttype ferritin is critical for determination of the function of the resulting subunit, 16) purification of UpFER and determination of its N-terminal sequence should provide information on the maturation process and function of ferritin in U. pertusa. Further, each of these two bands (22 and 26 kDa) consisted of two distinct bands (Fig. 2B) . These duplications are also suggestive of the presence of a ferritin gene family composed of at least two genes in U. pertusa.
According to its primary structure, UpFER has all of the amino acid residues required for iron incorporation activity (Fig. 3A) . The activity of iron core formation in UpFER was nearly identical to that of soybean ferritin (Fig. 6) . Furthermore, the initial rate of iron core formation for UpFER was higher than that for human H-ferritin (Fig. 6B) . Although few studies involving direct comparison of iron core formation as between vertebrate and plant ferritin have been performed, van Wuytswinkel et al. suggested that human H-chain ferritin has higher activity than plant-type ferritin (pea ferritin). 14, 15) This conflicts with the results presented here. We assume that this is due to differences in the experimental conditions. We adopted an experimental condition in which 24 to 48 ferrous ions reacted with a ferritin oligomer, and data were collected every 12.5 msec, while the previous reports did the experiment with an iron/ferritin ratio of about 1000/1, and their data were collected every 30 s. 15) In general, iron-core formation in ferritin progresses by at least three reaction pathways, as follows:
First, Fe 2þ binds at the ferroxidase site of ferritin, followed by protein-catalyzed oxidation and iron core formation. In this reaction, H 2 O 2 is produced by reduction of O 2 (eq. (1)). This occurs at stages of the iron-ferritin reaction, and the contribution of this reaction becomes lower when the number of iron atoms per ferritin molecule increases. The resulting H 2 O 2 reacts with the additional Fe 2þ and produces H 2 O (eq. (2)). This reaction occurs mainly when approximately 100-500 iron atoms are reacted with a ferritin molecule. Once an iron core is formed in the inner cavity of the ferritin by reactions 1 and 2, auto-oxidation of Fe 2þ becomes predominant in the net reaction of ironcore formation (eq. (3)), especially when more than 800 molecules of ferrous ion are reacted with a ferritin oligomer. According to these reaction mechanisms, the present study mainly evaluated the reaction shown in eq. (1) (the iron/ferritin ratios were 24/1 and 48/1), while the previously reported results included the reactions shown in eqs. (1), (2) , and (3). Therefore, the initial step in iron incorporation, which is catalyzed by the ferroxidase site of the ferritin protein, was faster in plant-type ferritin, UpFER, and soybean ferritin, than in the human-H chain in this study. In accordance with these observations, the plant-specific EP domain enhances iron oxidation and functions as the second ferroxidase site. 36) It has been suggested that this EP-mediated ferroxidation occurs mainly at an iron/ferritin ratio of more than 96. 36) Although our experiments here were performed at lower iron/ferritin ratios (24/1 and 48/1), the initial velocities of iron oxidation were higher in UpFER and soybean ferritin H-1 than in human H-chain ferritin, which does not possess the EP. It is possible that this EP-mediated reaction also enhanced iron oxidation under the experimental conditions adopted in this study. However, the values of the initial rates for iron incorporation vary among reports, partly because the unspecificity of the absorbance at 310 nm of m-oxobridged ferric amorphous. This method can be applied to a simple comparison of ferroxidase activity among ferritin preparations. To evaluate the appropriate value for iron incorporation of ferritins from plants and animals, more detailed analysis of enzymatic properties is required. For example, the formation of the diferric peroxo complex, 37) an intermediate chemical species generated in the ferroxydase site, should be determined.
In summary, we identified a ferritin gene from the macroalga U. pertusa, and we found that the gene product was functional in vitro. Together with immunedetection of the ferritin protein in the alga, UpFER functions as an iron storage protein in U. pertusa. Investigation of the contribution of UpFER to the total iron content and iron metabolism of U. pertusa should provide important clues to elucidation of algal iron utilization.
